Simple Summary: The search of alternatives for soybean oil, as a dietary energy source, has generated a lot of interest in broiler feeding due to economic and supply reasons. Soybean lecithin, as a co-product derived from the soybean oil degumming process, and its blending with other by-products derived from the vegetable oil refining process such as acid oils, may represent an alternative energy source for broiler chicken diets formulation. The current study has demonstrated that soybean lecithin high in free fatty acids can be included in grower-finisher diets, as a partial replacer of soybean oil or in combination with an acid oil, without impairing performance or fatty acid digestibility and causing minor changes in the fatty acid composition of the abdominal fat pad.
Introduction
Co-products and by-products derived from the vegetable oil refining process may represent an interesting and economic alternative to conventional fat sources used in broiler feeding, such as soybean oil. During degumming, most phospholipids (PL) present in crude soybean oil are extracted, generating a co-product known as crude soybean lecithin. Lecithins are defined as a lipid mixture highly composed of PL, but they are also rich in glycolipids, carbohydrates and neutral lipids, such as triacylglycerols [1] . Soybean lecithin is an available low-cost energetic source [2] with a similar fatty acid (FA) profile to soybean oil [3, 4] . In addition, its elevated surface-active PL content of soybean Experiment 1: A total of 96 Ross 308 newly hatched female broiler chickens were randomly assigned to one of four experimental treatments (six replicates/treatment) and allocated in cages (four birds/cage). A control basal diet was supplemented with S at 3% (S3), and increasing amounts of L (soybean lecithin blended with soybean acid oil in a 5:1 proportion) were included in replacement of S as added fat: 1% (S2-L1), 2% (S1-L2) and 3% (L3). Experiment 2: A total of 120 Ross 308 newly hatched female broiler chickens were randomly assigned to one of five experimental treatments (six replicates/treatment) and allocated in cages (four birds/cage). A control basal diet was supplemented with AO (a 1:1 blend of olive pomace acid oil and sunflower acid oil) at 3% (AO3), and increasing amounts of L were included in replacement of AO: 1% (AO2-L1), 2% (AO1-L2) and 3% (L3). The S3 diet was included as a reference treatment.
Animal Husbandry and Controls
The animals were obtained from a local hatchery (Pondex S.A.U., Juneda, Spain), weighed, wing-tagged and randomly distributed in cages with a grid floor and a tray for excreta collection. The temperature and light program used was consistent with the specifications in the Ross 308 lineage management handbook [11] , and the animals were allowed to consume feed and water ad libitum. Broiler body weight (BW) was recorded individually at 21 and 38 d post-hatch, whereas feed intake was measured by cage at 21 and 38 d post-hatch. The data were used to calculate the average daily gain (ADG), average daily feed intake (ADFI) and feed conversion ratio (FCR) from both phases and the overall results of each experiment. Mortality was recorded daily to adjust ADG and ADFI. Two nutritional balances were performed for each experiment between d 9 and 11 (starter period) and d 36 and 37 (grower-finisher period), where excreta samples (free of contaminants) were taken on each day of the digestibility balance (once per d), homogenized, freeze-dried, ground, and kept at 4 • C until further analysis. At the end of each experiment, all the animals used in both experiments were slaughtered in a commercial abattoir, and carcasses were recovered.
Carcasses (total BW excluding blood and feathers) were weighed, and the AFP (from the proventriculus surrounding the gizzard down to the cloaca) of each bird was removed and weighed in order to calculate the AFP carcass percentage. Furthermore, representative sample of the AFP of each bird was taken, pooled by replicate, and frozen at −20 • C for further analysis.
Laboratory Analyses
Experimental oil samples (S, L and AO) were chemically characterized, as shown in Table 2 . The FA composition was analyzed by gas chromatography following the methodology described by Guardiola et al. [12] . The acid value was determined according to International Organization for Standardization (ISO) 660 [13] , and the acidity was expressed as the FFA percentage of oleic acid. In the case of the soybean lecithin high in FFA, the acetone insoluble matter was analyzed using the Ja 4-46 method from the American Oil Chemists' Society (AOCS) [14] , and the PL composition was determined by HPLC (D450 MT1, Kontron; Eching, Germany) according to the method described by Helmerich and Koehler [15] .
Regarding the experimental feed samples, the proximate analysis was performed following AOAC methodology [16] : Ether extract (Method 920.39), crude protein (Method 968.06), ash (Method 942.05), dry matter (Method 934.01), and crude fiber (Method 962.09). The gross energy content was determined for oil, feed and excreta samples by an adiabatic bomb calorimeter (IKA-Kalorimeter system C4000; Staufen, Germany). Titanium dioxide was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES; Optima 3200 RL, Perkin Elmer; Waltham, MA, USA) in Experiment 1, while it was determined in Experiment 2 by the method described by Short et al. [17] .
The FA profile of the feed and excreta was analyzed by adding nonadecanoic acid (C19:0, Sigma-Aldrich Chemical Co.; St. Louis, MO) as an internal standard and following the method described by Sukhija and Palmquist [18] , whereas in the case of the AFP, the method described by Carrapiso et al. [19] was used. The final extract obtained was injected into a gas chromatograph (HP6890, Agilent Technologies; Waldbronn, Germany) following the method conditions described by Cortinas et al. [20] . 
Calculations and Statistical Analysis
The apparent digestibility of FA (%) was calculated using the following equation:
The apparent digestibility of FA = 1 − {(TiO 2 in feed/FA concentration in feed)/ (TiO 2 concentration in excreta/FA concentration in excreta)}.
The apparent metabolizable energy (AME) of the diets was calculated multiplying the apparent absorption of the gross energy by its corresponding diet gross energy. Both calculation formulas were in accordance with Rodriguez-Sanchez et al. [21] .
Cage means were used as the experimental unit (six replicates/treatment) in performance (except BW), FA digestibility, the FA profile of the AFP, and the AME values of the diets. A Shapiro-Wilk test indicated a normal distribution of the data. In Experiment 1, data were analyzed by a one-way ANOVA using R Statistics (Version 3.3.1; R Core Team, Vienna, Austria), with treatment as the main factor. In Experiment 2, soybean oil treatment (S3) was compared against the AO3 treatment separately with a one-way ANOVA (S3 vs. AO3), whereas diets containing co-products and by-products were compared with a one-way ANOVA (AO3 vs. AO2-L1 vs. AO1-L2 vs. L3). Tukey's multiple-range test was performed to determine whether means were significantly different (p ≤ 0.05). The linear model used was: Y ij = µ + α i + ε j , where µ is the global mean, α is the treatment effect, and ε is the residual error.
Results

Experimental Fats and Diets Composition
The FA profiles of S and L ( Table 2) were similar regarding polyunsaturated FA (PUFA) content; nevertheless, L presented a higher content in saturated FA (SFA) and a lower content in monounsaturated FA (MUFA) than S. In the case of AO, oleic acid was the most abundant FA, followed by linoleic acid. Furthermore, the three added fats differed in their average unsaturated-to-saturated FA ratio (UFA:SFA), where S and AO presented higher average values (5.14 and 5.60, respectively) than L (3.74); the three fats also differed in their average polyunsaturated-to-saturated FA ratio (PUFA:SFA), where AO presented the lowest value (2.04), followed by L (2.82) and S (3.67). Concerning FFA content, AO presented the highest value, representing its main lipid molecular structure (52.9%), whereas L showed a medium average content (24.1%), and S showed the average lowest value (1.95%). Additionally, both S and AO presented higher average values of gross energy (39.8 and 39.5 MJ/kg, respectively) than L (34.4 MJ/kg).
The proximate analysis results and the FA profile of the experimental diets are shown in Table 3 (Experiment 1) and Table 4 (Experiment 2). The experimental treatments showed a similar macronutrient content, and their main differences were related to the FA profile and the energetic content. In Experiment 1, the replacement of S by L increased dietary SFA in starter (9.4%) and grower-finisher diets (11.9%), whereas a decrease in MUFA was observed (11.3% and 7.1% for starter and grower-finisher diets, respectively), causing a reduction in dietary the UFA:SFA. In Experiment 2, the replacement of AO by L increased dietary SFA (9.0% and 7.2%, for starter and grower-finisher diets, respectively) and dietary PUFA (28.4% and 36.8% for starter and grower-finisher diets, respectively). On the contrary, this replacement reduced the MUFA content (42.8% and 36.7% for starter and grower-finisher diets, respectively). The replacement of AO by L reduced the UFA:SFA, whereas it increased the PUFA:SFA. Table 3 . Analyzed gross energy, macronutrient content and fatty acid composition of starter and grower-finisher broiler chicken diets (Experiment 1).
Dietary Treatments 1
Item 2
Starter (0-21 d)
Grower-Finisher (22-38 d)
S3
S2-L1 S1-L2 L3 S3 S2-L1 S1-L2 L3 Unsaturated-to-saturated fatty acid ratio; PUFA:SFA: Polyunsaturated-to-saturated fatty acid ratio; GE: Gross energy. 1 S3: Soybean oil (S) at 3.00%; S2-L1: S at 2.00% and soybean lecithin high in free fatty acids (L) at 1.00%; S1-L2: S at 1.00% and L at 2.00%; L3: L at 3.00%. 2 Samples were analyzed twice. SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty acids; UFA:SFA: Unsaturated-to-saturated fatty acid ratio; PUFA:SFA: Polyunsaturated-to-saturated fatty acid ratio; GE: Gross energy. 1 S3: Soybean (S) oil at 3.00%; AO3: Acid oil (AO) at 3.00%; AO2-L1: AO at 2.00% and soybean lecithin high in free fatty acids (L) at 1.00%; AO1-L2: AO at 1.00% and L at 2.00%; L3: L at 3.00%. 2 Samples were analyzed twice.
Growth Performance and Abdominal Fat Deposition
The growth performance and abdominal fat deposition parameters of Experiments 1 and 2 are shown in Tables 5 and 6, respectively. Residual standard error. 1 S3: Soybean oil (S) at 3.00%; S2-L1: S at 2.00% and soybean lecithin high in free fatty acids (L) at 1.00%; S1-L2: S at 1.00% and L at 2.00%; L3: L at 3.00%.
In both experiments, performance parameters were not affected by the replacement of the added fats (S and AO) by L in any phase, nor were the overall parameters of the experiments (p > 0.05). Nevertheless, in Experiment 2, the S replacement by AO impaired the feed conversion ratio in the grower-finisher phase and the global period of the experiment (p ≤ 0.05); the AO replacement by L tended to improve the feed conversion ratio (p = 0.055). Concerning the effect of dietary added fats on abdominal fat deposition, no significant differences were observed between experimental treatments (p > 0.05). : Soybean oil (S) at 3.00%; AO3: Acid oil (AO) at 3.00%; AO2-L1: AO at 2.00% and L at 1.00%; AO1-L2: AO at 1.00% and L at 2.00%. L3: L at 3.00%. 2 S3 was not included in the statistical analysis against diets containing co-and by-products. x,y ANOVA AO3 vs S3: Values within the same row with no common superscripts are significantly different, p ≤ 0.05. BW: Body weight; ADFI: Average daily feed intake; ADG: Average daily gain; FCR: Feed conversion ratio; RSE: Residual standard error.
Digestibility Balances
The influence of the added fats on the dietary feed AME and the FA digestibility in both feeding periods can be seen in Table 7 (Experiment 1) and Table 8 (Experiment 2).
The digestibility balance of Experiment 1 indicated, in starter diets, that the partial and total replacement of S by L (S2-L1, S1-L2, and L3) negatively affected the feed AME value (p < 0.001) and the FA digestibility. Animals fed diets with 2% and 3% of L (S1-L2 and L3) showed a lower total fatty acid (TFA; p = 0.017), MUFA (p = 0.026) and PUFA (p = 0.004) digestibility, and they tended to absorb SFA worse than animals fed S3 (p = 0.055). In the case of grower-finisher diets, animals fed L3 presented a lower feed AME (p < 0.001), and a lower TFA (p = 0.020), oleic acid (p < 0.001) and PUFA (p = 0.003) digestibility as compared to animals fed S3. However, no differences were observed between S3 and treatments with partial replacement by L (S2-L1 and S1-L2).
Results from Experiment 2 showed that the S3 treatment presented a higher dietary AME and TFA digestibility than AO3 in both periods (p ≤ 0.05). Regarding the use of co-products (AO and L) as added fats, in the starter period, replacing AO by L led to no observable differences in the feed AME and the digestibility of TFA, SFA and MUFA (p > 0.05). Nevertheless, L3 presented a higher digestibility of linolenic acid (p = 0.011) in contrast to AO3. On the other hand, grower-finisher diets showed differences between treatments in the SFA, MUFA and PUFA digestibility. The total replacement of AO by L (L3) did not modify the dietary AME or the digestibility of TFA and SFA, but it caused a lower MUFA (p < 0.001) and a higher linolenic acid (p = 0.006) digestibility. The lowest feed AME value was observed in AO2-L1 (p < 0.001), which was consistent with the FA digestibility. The AO2-L1 treatment presented a lower TFA and MUFA digestibility than AO3 (p ≤ 0.05), and it presented a lower SFA digestibility than AO1-L2 and L3 (p < 0.01). Nonetheless, animals fed AO1-L2 did not show differences with the AO3 treatment and presented a higher MUFA digestibility in comparison to L3 (p < 0.001). : Soybean oil (S) at 3.00%; S2-L1: S at 2.00% and soybean lecithin high in free fatty acids (L) at 1.00%; S1-L2: S at 1.00% and L at 2.00%; L3: L at 3.00%. 
Fatty Acid Composition of Abdominal Fat Adipose Tissue
The effect of dietary added fat on the FA composition of the AFP can be seen in Table 9 . Total replacement of S by L increased SFA, in particular palmitic acid concentration (p < 0.01), whereas it reduced the UFA:SFA and the PUFA:SFA (p < 0.01). Furthermore, a tendency for a reduction of linoleic acid concentration (p = 0.069) was observed. In contrast to S3, animals feed AO3 presented an AFP with a higher MUFA concentration, concretely oleic acid (p ≤ 0.05), and a lower PUFA content, concretely linoleic and linolenic acid (p ≤ 0.05), thus reducing the PUFA:SFA (p ≤ 0.05). Finally, the use of L as a substitute for AO caused an increase in PUFA, specifically linoleic and linolenic acid (p < 0.01), and a reduction in the MUFA content (p < 0.01). In this case, the PUFA:SFA increased as long as L replaced AO (p = 0.014). : Soybean oil (S) at 3.00%; S2-L1: S at 2.00% and soybean lecithin high in free fatty acids (L) at 1.00%; S1-L2: S at 1.00% and L at 2.00%; AO3: Acid oil (AO) at 3.00%; AO2-L1: AO at 2.00% and L at 1.00%; AO1-L2: AO at 1.00% and L at 2.00%; L3: L at 3.00%. 2 
Discussion
Chemical Composition of the Experimental Fats and Diets
The gross energy content of the added fats indicated that L resulted in being less energetic than S and AO. This fact is a direct consequence of PL releasing less energy than triacylglycerol and FFA. Furthermore, the L included in both experiments contained high levels of FFA (24.1%) because it was blended with soybean acid oil. The standard FFA content of soybean lecithin products is normally established at between 1.0% and 3.0% [1, 22] . It is important to mention that available literature regarding the use of a soybean lecithin high in FFA in monogastric nutrition is scarce, and the literature review was based on studies that used a regular soybean lecithin with a lower FFA content. The chemical composition of the experimental diets reflected the FA profile of the added fats. The dietary UFA:SFA was reduced, as L was included in the replacement of S, which was also reported by Soares and Lopez-Bote [3] .
Growth Performance and Abdominal Fat Deposition
The inclusion of L as a substitute for S did not lead to any negative effect on growth efficiency. Results agree with Azman and Cifti [23] , who observed that a partial replacement (50%) of soybean oil by a soybean lecithin (4% and 6% of total added fats for starter and grower-finisher diets, respectively) did not modify final the BW or the global feed conversion ratio. However, the replacement of S by AO reduced feed conversion efficiency in the grower-finisher phase and the global period of Experiment 2. Some authors have stated that acid oils present a lower nutritive value than native oils due to their main lipid molecular structure being FFA, negatively affecting FA absorption and energy utilization [6, 24] .
Regarding abdominal fat deposition, results indicated that the different added fats included had no influence. It was demonstrated by Ferrini et al. [25] that animals fed a diet high in SFA content (PUFA:SFA = 0.25) presented a higher AFP deposition than animals fed diets rich in PUFA (PUFA:SFA = 6.72). The lack of differences observed in fat deposition in the present studies could be related to the slight changes in saturation degree between treatments (grower-finisher S3 and L3 PUFA:SFA = 1.95 and 1.70, respectively).
Digestibility Balances
Results extracted from Experiment 1 showed that, in terms of FA and energy utilization, the substitution of S by L at any level in starter diets is not recommended. However, the results in adult broilers suggest that L can partially replace S up to 2%. In accordance with our results, Huang et al. [4] observed, in young broiler chickens, that the partial (1%) and total replacement (2%) of soybean oil by soybean lecithin reduced the feed AME content. In the case of adult broilers, they reported that the partial (0.5% and 1%) and total (2%), replacement of soybean oil by soybean lecithin did not affect the feed AME value or ether extract utilization. Tancharoenrat et al. [26] indicated that young chicks present a limited capacity to digest and absorb fats; however, this capacity is improved from two weeks of life. Our results are consistent with this fact due to the fact that grower-finisher broilers showed a better utilization of L than starter broilers.
In Experiment 2, the comparison between S3 and AO3 demonstrated the lowering effect of the high FFA content on the FA digestibility and the feed AME, as other authors have previously stated [27, 28] . It has been established that the presence of monoacylglycerols is essential for a correct solubilization of the products derived from the lipolysis into mixed-micelles [24] . In addition, Sklan [24] also suggested a direct relationship between monoacylglycerol presence in the duodenum and bile secretion, justifying the lower FA absorption rate of acid oils in comparison to crude oil. These facts were confirmed by Rodriguez-Sanchez et al. [9] , who observed that a high presence of FFA was related to an insufficient solubilization and absorption of lipolysis products, and, in particular, this fact was more pronounced with unsaturated diets than saturated ones. The blending of AO and L in starter diets did not modify the FA digestibility except for linolenic acid, which was enhanced by the L inclusion. However, in grower-finisher diets, the blending of 1% of AO and 2% of L resulted in the best option in terms of FA utilization. Some authors have suggested that soybean lecithin, as an emulsifier, may enhance lipid absorption-in particular, SFA and long-chain FA-by facilitating FA incorporation inside the micelles [5, 6] . However, in accordance with Soares and Lopez-Bote results [3] , no improvement of the SFA digestibility related to L inclusion was demonstrated in the present experiments. This lack of effect could be related to the highly unsaturated degree of the experimental diets used in the present study. On the other hand, in the grower-finisher phase, the AO1-L2 treatment resulted in the best option, thanks to an improvement in linolenic acid, along with a tendency for a growth of the PUFA digestibility (p = 0.071), which suggests an emulsifying effect. It is well known that blending fats with a complementary FA profile and different lipid molecular structures (triacylglycerols, FFA and PL) produces positive interactions in terms of the AME content and the FA digestibility [2, 27, 28] . The synergic effect observed between 1% of AO and 2% of L can be explained because it might have been an adequate proportion of PL capable of better solubilizing FFA in the mixed micelle, facilitating its absorption. On the other hand, it is important to comment on the grower-finisher results shown in the AO2-L1 treatment, which was also a blending treatment but showed the lowest feed AME value and the lowest TFA digestibility. Results may suggest that replacing an acidic oil by a less energetic oil with a high acidity, such as L ( Table 2) , caused an elevated proportion of the FFA:PL, thus leading to an insufficient presence of PL capable of solubilizing the FFA into the mixed micelles. As a consequence, a chemical characterization of the different fats and oils used as energy sources can provide important information about the possible interactions between different lipid molecular structures, as Roll et al. [28] have previously stated.
Fatty acid Composition of Abdominal Fat Adipose Tissue
The FA profile of the AFP reflected the FA profile of the diets, in accordance with most of the published data [25, 29] . Though some authors have reported that the presence of different dietary lipid molecular structures, such as randomized FA, influences the FA profile of the AFP [29, 30] , our results demonstrate that the saturation degree of the AFP is more influenced by the dietary saturation degree rather than by the lipid molecular structures (triacylglycerols, FFA and PL) present in the feed.
Conclusions
In summary, the inclusion of soybean lecithin high in FFA is suitable in grower-finisher diets as a partial replacer of soybean oil up to 2% without impairing performance, FA and energy utilization. Regarding to the use of a combination of co-products as an energy source, the best strategy in grower-finisher diets is a blend of 2% of high FFA soybean lecithin and 1% of monounsaturated vegetable acid oil; this is due to synergistic interactions on FA and energy utilization. Finally, the FA profile of the diets has a stronger impact on the FA profile of the AFP rather than the different lipid molecular structures. 
